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INTRODUCTION 
Scientific studies on the mechanical behavior of all 
body-centered cubic (bcc) metals except the indispensable iron 
were comparatively rare until the 1960's. Since then, an in­
creasing number of experimental studies have been carried out 
on plasticity, point defects and radiation damage in bcc 
metals. The growing interest in the bcc refractory metals 
(V, Cr, Nb, Mo, Ta and W) was largely generated by the poten­
tial of various applications at high temperatures or for the 
construction of advanced reactors, and by the desire for a 
better understanding of this important group of transition 
metals. 
The information furnished by recent investigations on bcc 
metals has rapidly narrowed the knowledge gap between face-
centered cubic (fee) and bcc metals. Still information for 
bcc metals is far from complete on such important properties 
as the dissociation of glissile dislocations, the effect of 
impurities, the interactions between dislocations and the 
behavior of point defects. 
The present study deals with three aspects of the mor­
phology of dislocations in Nb: (1) the dissociation of dislo­
cations (2) the interactions between glissile dislocations 
and ,'3) the damage structure induced by fast neutrons and its 
annealing behavior. Interstitial impurities are known to 
exert pronounced effects on properties of bcc metals. Numer­
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ous studies have been conducted on various bcc metals by a 
variety of methods (1-8). For this reason, the effect of 
interstitial impurity was not included in the present study. 
Dissociation of Glissile Dislocations 
The formation of the extended dislocations and their 
associated stacking faults in metals have been well recog­
nized since the proposed dissociation of unit dislocations in 
the fee crystals by Heidenreich and Shockley (9). Indeed, 
transmission electron microscopy (TEM) evidence has been 
obtained for the existence of partial dislocations in pairs 
connected by stacking faults in fee, hep (hexagonal close-
packed) and diamond structures (10-12). TEM evidence of ex­
tended dislocations in bee metals did not emerge until 1975 
(13). Despite the absence of direct evidence for the exist­
ence of stacking faults in bee metals, the dissociated core 
model is capable of explaining many features of plasticity, 
such as slip asymmetry (14-17), the predominance of straight 
screw dislocations in crystals deformed at low temperatures 
(18) and the temperature dependence of flow stress (19-21). 
Controversy over the existence of stacking faults in 
bee metals has been discussed extensively in the literature. 
Several workers (21-31) performed theoretical analyses on the 
core structure of dislocations. Because of the uncertainty 
concerning (1) the mode and the extent of elastic relaxation, 
(2) the atomic potential and (3) the cut-off distance of 
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interactions, no agreement has been reached on the stability 
of partial dislocations. Moreover, all theoretical calcula­
tions were based on atomic potentials which may be justified 
for simple bcc metals such as sodium, but certainly not for 
transition metals. In the meantime numerous studies have 
been conducted to search for "pure" stacking faults associ­
ated with extended dissociations in Nb (32-34), Fe (35), W 
(36) and Cr (37). According to Christian (38), however, all 
TEM observations of the fringe-type contrast on the {112} and 
{123} planes up to the time of this review had been compli­
cated by impurity atoms. The same autlior also disputed the 
field-ion microscopy (FIM) evidence reported for the dissocia­
tion of dislocations in W and Fe by Smith e^ al, (39,40) for 
the reason that the large electrostatic field acting on the 
surface of the specimen can generate a hydrostatic tension at 
the tip, thereby extraneously stabilizing the enclosed stack­
ing faults (41). Christian's remarks reflect the concensus 
that clear-cut evidence for dissociated dislocations and 
stacking faults in bcc metals has not been established up to 
1975. 
Interactions between Dislocations 
Up to date TEM investigations (42,43) have shown that 
glissile dislocations in bcc metals are primarily of the 
(a/2)<lll> type, with some of the <001> type. The a<110> dis­
locations were only observed (44) as a result of a repulsive 
cutting between two (a/2)<lll> dislocations. 
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Glissile dislocations in crystalline solids have long 
been known to be highly versatile, as reflected by the complex 
behavior of plastic deformation and fracture of metals. To a 
large extent, this versatility stems from the great probabil­
ity and ease with which moving dislocation will encounter 
other dislocations, thus interacting to yield new disloca­
tions. In theory, the only requirement for two or more meet­
ing dislocations to interact is a reduction in energy; that 
is, 
p r 
AE = E Ep - S Ej. < 0, (1) 
where E^ and E^ are the self-energies of the product and 
reactant dislocations, respectively. For a straight disloca­
tion, the self-energy per unit length is given by Bullough 
and Foreman (45), 
: = cos^aUnCfj)- (2) 
where G is the shear modulus, b the magnitude of the Burgers 
vector, R the outer bound of the strain-energy integration, 
r^ the core radius, a the angle between the line direction 
and the Burgers vector, and v Poisson's ratio. Numerous in 
interactions have been proposed for bcc metals. Little suc­
cess has been attained in the attempts to confirm the pro­
posed interactions of dislocations by TEM, however. 
To illustrate the seriousness of the problems, we recall 
that Hartley (46) cited 12 possible interactions between 
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(a/2)<lil>{110} glissile dislocations in the bcc metals, in­
cluding the renowned one (a/2) [111] + (a/Z^llll^^Q^^ -» 
a[100]^Qgj^ originally suggested for the generation of incip­
ient a<100> cracks in the cleavage planes by Cottrell (47). 
More recently, four other interactions were described by 
Lindroos (48), which involve more than two (a/2)<lil> dis­
locations in the {110} planes. A survey of the literature 
published in the past decade revealed that, of the 16 inter­
actions proposed, only four (Hartley's reactions (2), (3) and 
(11) quoted in references (49), (50) and (51), respectively 
and one of Lindroo's (48)) have been confirmed and two others 
(Hartley's reactions (4) and (10) quoted in references (52) 
and (53), respectively) might have been established in con­
nection with the initiation of fine twins or cracks. 
Damage Structure of the As-Irradiated and Irradiated-
Annealed bcc Metals 
It is possible to generate a faulted region by condensing 
a group of point defects to form a Frank-type dislocation loop 
in a crystalline solid, as has been observed in most of the 
fee metals after quenching or irradiation (54). No evidence 
of quenched-in vacancies has been reported for bcc metals, 
however. Therefore, the only possible way to produce partial 
dislocation loops by point-defects condensation is through 
irradiation. Unlike the dissociation of dislocations, theo­
retical analysis (55) on the formation of dislocation loops 
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indicates that faulted loops should be nucleated in the early 
stages of loop formation in irradiated bcc metals. The 
faulted loops, however, have the tendency to become perfect 
loops as a result of shear in two possible directions de­
scribed by the following reactions ; 
|[110] + ftooi] - |[iii] (3) 
|[110] + |[ilO] - atoio] (4) 
The perfect loops with b = (a/2)<lll> tend to rotate into the 
{111} planes so as to attain a pure edge configuration. In­
deed experimental evidence has been shown for the existence 
of faulted loops in irradiated bcc metals (56). 
Another reason for the intensified research in this area 
is the need for a better understanding of the bcc metals. 
Despite the steady progress made for fee metals, our knowl­
edge on the subject is still fragmentary for the bcc metals. 
The situation has been somewhat improved with Mo as a result 
of two series of studies by Maher and Eyre (57a,b,c) and by 
Niebel and Milkens (58). Valuable information is now avails 
able on the nature (vacancy or interstitial), geometry (the 
Burgers vector and the habit plane), size distribution and 
number density of defect clusters produced in Mo by fast 
neutrons with or without subsequent annealing. 
Although efforts have also been made for the Group V 
metals, the results are either contradictory to each other or 
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only indirectly related to the characteristics of defect clus­
ters. For instance, the existing information on the nature of 
neutron-induced defect clusters in vanadium shows serious dis­
crepancy. Elen (59) and Rau and Ladd [60) irradiated V of 
comparable purities to neutron fluences within the same order 
of magnitude (1 to 7x10^^ n/cm^) at 50-80®C, followed by 
annealing at 400-600®C. While Elen found the induced disloca­
tion loops lying on the {111} planes with b = (a/2)<lll> and 
identified them as predominantly of the vacancy type, Rau and 
Ladd described the defect clusters as "probably" interstitial 
in nature. In a more recent study, Shiraishi et (61) sum­
marized that "upon post-irradiation annealing, vacancy loops 
19 2 
grow in the specimens irradiated to 8.2x10 n/cm " at 140 C 
"and interstitial loops grow in the specimens irradiated to 
4.2x10^^ n/cm^ or less fluences" at 70°C. The latter workers' 
results hardly explained the conflicting conclusions drawn by 
Elen and Rau and Ladd. 
The problems with niobium in Group Va are different from 
vanadium. Numerous TEM studies have been conducted on Mb, but 
the majority of them emphasized the prominent roles played by 
the defect clusters in radiation-(62-64) and radiation-anneal 
(65) hardening and in flux pinning (66). Hence attention was 
paid mainly to the size distribution and number density of 
defect clusters, leaving the nature and geometry of the clus­
ters much less investigated, Riihle e^ al. (67) recently made 
O 
a serious attempt to characterize small (<200 A) clusters 
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induced in Nb by fast neutrons. Nb sheets of 99.9% purity 
were irradiated to 8x10^^ n/cm^ (E>0.1 MeV) at ~80®C and 
showed for 41 loops a split of 26:15 for a normalized 
loop ratio of 1/0.58 in favor of vacancies. The 41 loops had 
Burgers vectors parallel to the <100>, <110> and <111> direc­
tions with roughly equal frequency, similar to those reported 
by Tucker and Ohr (68). The same group [69) later examined 
O 
250 loops ranging from 25 to 150 A in two Nb specimens irra­
diated to 6x10^^ n/cm^ at 4.2 and 353®K. The loop ratio 
was found to be 1/1.35 and 1/1.86, respectively. The reversal 
in the loop ratio between their own two studies signifies that 
the reliability of the determination of the ratio depends upon 
the statistics of loop characterization. These studies suf­
fered from the relatively low neutron fluences used, which are 
lower by at least an order of magnitude than those usually 
required for the evaluation of radiation damage in metals. 
Information on the nature of defect clusters in the irradi-
ated-and-annealed Nb has not been carefully examined hereto­
fore. 
Objectives of the Study 
An examination of the pertinent literature reveals that 
basic information on dislocations in bcc metals is still lack­
ing. To gain a better understanding of dislocations in these 
metals, it is necessary to study the form and structure, i.e. 
the morphology, of dislocations under different conditions. 
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In this endeavor, the TEM techniques are invaluable and essen­
tial. The purposes of this study were to investigate the pos­
sibility of the dissociation of glissile dislocations, the 
interaction between dislocations and the production and 
annealing of point-defect clusters by fast neutrons. 
Niobium was chosen as the material of interest for four 
reasons. First, niobium has the lowest estimated stacking 
fault energy (see Table la). Second, it has moderate solu­
bility for the interstitial impurities (see Table lb), thus 
it is capable of dissolving the impurities within reasonable 
limits. Third, niobium is considered to be a candidate for 
the vacuum wall of the fusion reactor. Information on the 
characteristics of dislocations and stacking faults in this 
metal should be of value and interest to the development of 
advanced reactors. Finally, niobium has not been studied so 
extensively as tungsten, molybdenum and vanadium. 
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Table la. Estimated stacking fault energies for bcc refrac­
tory metals in ergs/cm2& 
Ref. Nb V Ta Cr Mo W 
70 E537 589 942 1100 1450 1860 
S291 303 402 720 839 1010 elastic theory 
39 50 field ion microscopy 
71 E150 150 210 380 430 500 elastic model 
72 21 26 41.4 53.2 66.i 89.2 surface energy 
Table lb. Interstitial impurity solubility limit (73) 
V 
Group 5A 
Nb Ta Cr 
Group 
Mo 
6A 
W 
H 10000 9000 1000 0.1-1 0.1 none 
C 1000 100 70 0.1-1 0.1-1 0.1 
N 5000 300 1000 0.1 1 0.1 
0 3000 1000 200 0.1 1 1 
- for edge dislocation; S - for screw dislocation. 
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EXPERIMENTAL PROCEDURE 
Specimen Preparation 
Two grades of niobium designated as Nb-A and Nb-B were 
used as the starting materials. Their major impurities are 
listed in Table 2a, The arc-melted fingers were cold-rolled 
into sheets to the final thickness of 0.12 mm. To avoid con­
tamination, they were wrapped in aluminum foils before roll­
ing. The sheets were immersed in a solution of 15 parts HF, 
45 parts HCl, 15 parts HNOg and 25 parts of H^O, for the 
removal of the aluminum wrap, followed by rinsing in methanol. 
Table 2b lists the conditions under which the cleaned sheets 
were finally annealed and the interstitial impurities in the 
annealed samples. 
Tensile Straining 
Specimen deformation before electrolytic thinning was 
conducted on a Model TT Instron machine by stretching the 
foil at a strain rate of IxlO"^ sec'^. Special attachments 
to the cross-head and a pair of specimen grips were construc­
ted and installed to minimize possible bending. 
Foils were examined by TEM as soon as possible after 
deformation to avoid complications caused by strain aging. 
When the deformed foils could not be examined immediately, 
they were stored in an evacuated desiccator. 
Table 2a. As-received niobium with major impurity contents and sources 
Grade 300°K/ 4.2°K 
Impurity in wt ppm Source 
Ta Ti W 0 H N C 
Nb-A 
Nb-B 
2000 
unknown 
550 
1000 
100 
100 
20 
90 
5 
4 
7 
87 
20 
40 
Ames Lab. 
Commercial 
Table 2b. Final annealing conditions, designations, and chemical analysis 
Desig- Original 
nation metal Temp. Vacuum 
in ®C in torr 
Interstitial 
impurity in wt ppm 
0 H N C 
Nb-A-1 Nb-A 
Nb-HT-8 Nb-A 
Nb-HT-1 Nb-A 
Nb-HT-2 Nb-B 
Nb-IRR-1 Nb-B 
975 5x10 -7 
2065 2.5x10 
2010 5x10 
wrap in Ta foil 41 
inside tube furnace 
dynamic vacuum, self- 15 
resistance heating 
sealed in Ta can, high 199 
temperature furnace 
1850 1x10 
975 3x10 
- 6  
-8 
II 
sealed in quartz 
tube, muffle furnace 
1800 
128 
2 
4 
3 
7 
4 
4 
3 
75 
91 
87 
50 
64 
10 
50 
40 
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Irradiation and Post-irradiation Annealing 
The neutron irradiation experiment was conducted on Nb-B 
foils inside the flux converter in the central thimble of the 
Ames Laboratory Research Reactor. The samples were packed 
inside an aluminum can filled with high purity helium to 
ensure good thermal equalization during irradiation. Irradi­
ation temperature was 85 + 5®C measured by a thermocouple in 
the center of the can. A nickel wire was included in the 
sample package for monitoring the fast neutron flux. Flux 
determination was made from measurement of the Y-decay of 
Co^^ induced in nickel by the Ni^®(n,p)Co^® reaction. The 
13 2 dose rate was determined to be 2.4x10 neutron/cm -sec 
(E>0.1 MeV) and the fluence was 8x10^^ n/cm^ (E>0.1 MeV). 
Post-irradiation anneals were carried out at tempera­
tures between 350® to 1000®C for an hour. Disc specimens of 
3 mm diameter were sealed in quartz tubes in vacuum with 
- Q 
residual pressure less than 3x10" torr and annealed in a 
muffle furnace at the predetermined temperature. 
Electron Microscopy 
Specimen disks were thinned by a Buehler double jet 
polisher using 42-48 volts and current density of about 15 
2 
mA/mm . The electrolyte contained 2,5 parts H2S0^ and 97.5 
parts methanol. The polishing was performed at -65®C so as 
to minimize the danger of specimen contamination by all gase­
ous elements, except perhaps hydrogen. 
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A Hitachi electron microscope, Model HU llA, was used 
for the TEM examination. The specimen stage was capable of 
tilting but featured no eucentric axis of tilting. The weak-
beam dark-field (WBDF) technique (74) was used for higher 
resolution and better contrast whenever necessary and appli­
cable. In practice, this technique employs a reflection 
vector g for which |s |>0, where s is the deviation param-
— S 8 
eter in the kinematical theory of electron diffraction. 
Since the image intensity is extremely weak under WBDF condi­
tions, focusing was generally difficult and longer exposure 
time (10 to 30 sec) was required. Despite the shortcomings, 
this technique proved to be advantageous in several cases and 
furnished valuable information. 
The nature of the dislocation loops was determined by 
observing the change in image size upon the reversal of the 
sign of (g'b)s (75). In this endeavor, appropriate <110> 
reflections were most frequently used for dislocation loops 
with b=(a/2)<lll>, and the change in sign of (g'b)s is accom­
plished by reversing either g or s. Partly because of the 
O 
relatively low resolution (~25A) attainable in our microscope, 
this method of determining the loop nature was found effec-
O 
tive only when the loops are larger than ~160 A. Conse­
quently, the statistics of the analysis on the loop nature 
were limited by the number of large-size loops present in the 
foils. A Zeiss particle-size analyzer was used to determine 
15 
the size distribution of defect clusters. To calculate the 
number density of clusters, an average foil thickness of 1500 
O 
A was assumed, which is subject to + 30% uncertainty. The 
gross experimental error in the determination of p is esti­
mated to be + 50%. 
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RESULTS AND DISCUSSION 
Dislocation Dissociation 
TEM evidence 
A prominent feature of the defect structure of the HT-1 
foils is a ribbon-like contrast. Parallel ribbons appear in 
a single set (I) in Fig, 1 and in four sets (II-V) in Fig. 
2a. The ribbons in set V actually contain two segments inter­
secting at an angle of 10*. The general appearance of the 
ribbons, together with several other reasons, rules out the 
possibility of twin bands or precipitates and enables us to 
identify the ribbons as slip traces. One other reason is 
that in no case have we observed fringes corresponding to 
twins or precipitates in place of the ribbons. Nor are extra 
spots, satellites, or streaks detected in the pertinent 
selected-area diffraction patterns. Still another reason is 
that, because the liquid nitrogen trap was not used to cool 
these two foils during examination, the electron beam exerted 
a heating effect, which not only produced many ribbons, but 
also caused some of the pre-existing ribbons to move rapidly 
in either direction, leading to their extension or contrac­
tion (and eventual disappearance). An example of ribbon con­
traction is seen in the area marked a between Figs, la and 
lb. Meanwhile, the ribbon marked b in Fig. la disappeared in 
Fig. lb. The observed reversible motion of the ribbons not 
just confirms the ribbons being slip traces, it also suggests 
17-18 
Fig. 1. Electron micrographs taken from the same field of 
view at "20 sec interval, showing ribbon-like con­
trast and intermittent movements of some (e.g., a 
and b) ribbons 
(a) Cb) 
Fig. 2. Similar ribbon-like contrast observed in another 
foil of HT-1 Nb. (a) Bright field micrograph, (b) 
Weak-beam dark-field micrograph revealing fringes 
at the ribbon heads. Inset gives an enlarged view 
of four sets of fringes 
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that the involved dislocations are mainly of the screw char­
acter insofar as edge dislocations create slip markings upon 
leaving the foil. 
To ascertain the geometry of the traces and their asso­
ciated dislocations, the five sets of ribbons in Figs. 1 and 
2 and a prominent set of traces in Fig. 3a are analyzed by 
the stereographic projection method. The latter micrograph 
was obtained from a third foil of HT-1 Nb with the cold trap 
in use. None of the traces in Fig. 3a was produced during 
examination and displayed any mobility. The results of the 
analyses are summarized in Table 3. Data given in the last 
three columns disclose the unequivocal choices of the operat­
ing slip plane and dislocations for five of the six (except 
III) sets of traces analyzed. Indeed, the involved disloca­
tions in these five sets are of the screw type, as has been 
reasoned. Three interpretations are possible for the traces 
in set III, of which the slip system (123)[ÏÎ1] also implies 
screw dislocations. However, the large angular deviation 
(13°) of the ribbon direction from that predicted from the 
(123) slip plane makes the latter choice somewhat uncertain. 
The most important observation in the present work is 
doubtless the emergence of a double image at almost every 
front end or head of the slip trace seen in Figs. 1-3. The 
double image is especially visible in Fig. 3a, for which it 
should be noted that as the microscopy condition approaches 
a good two-beam approximation, the double image appears more 
20 
(a) (b) 
Fig. 3. Diffraction contrast obtained from a third foil of 
HT-1 Nb. (a) Bright-field micrograph showing double 
images at the heads of slip traces, (b) Weak-beam 
dark-field micrograph showing conspicuous fringes in 
addition to double images at the trace heads 
Table 3. Results of the stereographic analyses on the slip dislocations in 
Figs. 1-3 
Fig. Approx. foil-
surface plane 
g 
vector 
Ribbon 
set 
Nearest Possible 
direction slip plane 
of ribbons 
Possible 
(screw or 
b 
ecTge) 
1 (111) [Oil] I 4® off [Oil] (211) (a/2)[ 11] (S) 
2a (001) [200] II 6" off [liO] (112) (a/2)[ il] (S) 
2a (001) [200] III (i) 13® off [2i0] (123) or (a/2)[ il] (S) or 
(121) (a/2)[ II] (E) 
(ii) 5® off [310] (132) (a/2)[ il] (E) 
2a (001) [200] IV 4® off [iio] (il2) (a/2)[ il] (S) 
2a (001) [200] V 7® off [liO] (112) (a/2)[ il] (S) 
3a (111) [loi] VI 6® off [Oli] (211) (a/2)[ 11] (S) 
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resolved. Moreover, the double images in Fig. 3a exhibit 
considerable difference between intensities of the two lines 
in each pair; the front line is always lighter than the back 
line. Also, some fringes are vaguely seen between the paired 
lines (e.g., 1 and 2]. At this point, we applied the weak 
beam technique using the [Ï01] reflection and prepared a 
dark-field micrograph (Fig. 3b). Now all seven trace heads 
in set VI and many heads in other unnumbered sets display 
fringe-type contrast. The fringes are particularly conspicu­
ous at four heads marked by arrows. The average length of 
O 
the fringes is about 130 A. A WBDF micrograph was also pro­
duced with g = [200] from the same field of view shown in Fig. 
2a and reproduced in Fig. 2b. In this second WBDF micrograph, 
practically all trace heads are converted into groups of pre­
dominantly three fringes lying in the [liO] direction. 
The physical significance of the present results is best 
seen from the interpretation for the slip traces in sets I 
(Fig. 1) and VI (Fig. 3) and from that for the contrast pro­
duced at the trace heads in Fig. 3. A diagrammatic illustra­
tion of the interpretation is given in Fig, 4. The movement 
of a screw dislocation with b = (a/2)[ill] on the (211) slip 
plane produces a pair of parallel markings on the top and 
bottom surfaces of the foil in the [Oil] direction. Further 
movement of the screw to the right will lengthen the trace. 
However, if the resolved shear stress on the slip plane is 
reversed as a result of foil bending due to beam heating, the 
1[ÎM] 
Fig. 4. Diagram illustrating the production of slip markings 
on the two foil surfaces by the motion of a screw 
dislocation with b = (a/2)[ill] on the (211) slip 
plane. The screw at the trace head is shown to 
split up into two partials with b = (a/6)[111] in 
the front and b = (a/3)[111] in the back 
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screw will move to left, thus shortening the trace, as is 
seen at a and b in Fig, 1. We emphasize the movement of 
screw dislocations here in order to be consistent with (1) 
the analysis results listed in the table, (2) the frequent 
observation of cross slip (e.g., trace set V in Fig. 2) in 
the HT-1 foils, and (3) the contraction of slip traces at a, 
b, and elsewhere in Fig. 1. All these reasons, especially 
(3), rule out the participation of edge dislocations in 
creating slip traces in the present case. 
The double images of the trace heads seen in Fig. 3a 
then imply a dissociation of a perfect screw dislocation into 
two partials. Hence the fringes revealed by the WBDF tech­
nique in Fig. 3b represent the stacking fault enclosed in the 
extended dislocation. The double image, along with the geom­
etry of the involved slip plane and dislocations and the 
mobility of the dissociated screws above 20®C, indicates that 
the dissociation mechanism follows that proposed by Crussard 
(76), namely, 
(a/2) [ill] (211) (a/3)[ill]j.2ii) + (a/6) [ill] ^-211) • (5) 
Since the screw splits up into two partials lying on the same 
plane and since the observed separation between the partials 
is relatively small, the extended dislocation is capable of 
moving as the undissociated dislocation. In this mechanism, 
(g'bI = 2/3 and 1/3 [for partial dislocations to be visible 
under g«b = 1/3, see (77)] for the back and front partial dis 
25 
locations, respectively. These values are in accord, at 
least qualitatively, with the intensity difference observed 
of the double images in Fig. 3. As far as visibility of the 
stacking fault is concerned, the displacement vector causing 
a fault of the type ABCD/CD/EFAB in the [211] direction 
is taken to be R = (1/3){211] (78), which gives |g'R.| = 1/3 
under the bright- and dark-field conditions in Figs. 3a and 
3b. Hence fringes are expected in both micrographs. The 
fact that only the WBDF micrograph shows sufficiently visible 
fringes for us to establish the existence of stacking faults 
at the trace heads is a manifestation of the great advantages 
of the weak-beam technique in producing defect images of much 
improved contrast and resolution. 
Despite the dissolution of moderate amounts (total 290 
wt ppm) of interstitial impurities in the foil matrix of HT-1 
foils, screw dislocations were seen to display high mobility 
(>2.5x10 ^ cm/sec) at temperature about 30*C. The observed 
dislocation mobility, coupled with the reversibility of the 
slip traces, suggests that the present material involves 
little, if any, segregation of interstitial impurities in the 
stacking faults. To further confirm that the dissociation 
was not complicated by interstitial impurities, niobium foils 
of higher purity have been examined. Foils (Nb-A-1) contain­
ing about 100 ppm total interstitial impurities were examined. 
It is shown in Fig. 5 that dislocations in the front of the 
slip traces exhibit double images. The bright-field micro-
26 
( b )  
Fig. 5. Nb-A-1 foil which has been tensile strained 2%. 
(a) Mobile dislocations and their slip traces were 
revealed in the bright-field (BF) micrograph with 
g = [Ï10]. (b) The images of the partial disloca­
tions were shown by the WBDF micrograph with g = 
[loi] 
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graph in 5(a) was taken under a three beam condition with 
g = + [110] of equal intensity, and the weak-beam dark micro­
graph in 5(b) was taken by tilting the foil so as to move the 
[101] diffraction spot to the center of the diffraction pat­
tern. The Burgers vector of the dislocation is (a/2)[ill] 
before dissociation and the width of the separation between 
O 
partials is 105 +_ 15 A. 
The bright-field micrograph shown in Fig. 6 is one of 
several obtained from HT-8 foils, which contained 90 ppm 
total interstitial impurities. Again the dislocations 
yielded double images despite the fact that the micrograph 
was taken under excellent two beam conditions. The perfect 
dislocations have the Burgers vector (a/2)[111], which was 
determined from the clearly observed cross slip directions A 
and B marked on the micrograph. The dislocations dissociate 
on the {121} planes and the width between the double images 
O 
is about 120 A. Also worth noting is the difference in the 
intensity of the two images as mentioned previously; the 
front image is weaker than the rear one in accord with the 
Crussard Model. There is a possibility, however, that the 
double images observed in Fig, 6 may be due to the conditions 
that g'b = 2 and = 0 (79). 
Mobile dislocations in Irr-1 A-10 foil exhibit the same 
type of separation under good two beam conditions, A pair of 
bright- and dark-field micrographs is shown in Fig. 7. The 
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5000 A 
Fig. 6. Double images were observed at the front of the slip 
traces in the BF micrograph with g = [ÏÎ2]._ Arrows 
A and B indicate the cross-slip direction [ill] 
( I l l )  
\ 
* * 
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Fig. 7. Nb-Irr-1 foil annealed at 1000°C exhibits a group of dislocations with 
double images. (a) BF micrograph with g = [lOl] . (b) DF micrograph with 
g = [Ï01] 
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perfect dislocation has a Burgers vector (a/2)[111], but the 
slip plane could not be identified. The separation between 
the paired dislocations seems to vary from one end to the 
other. 
Stacking fault energy 
In higher purity A -1 and HT-8 foils, the dissociation 
and the extended dislocations were observed similar to those 
in HT-1 foils. To estimate the stacking fault energy "^gp of 
Nb, the equation derived for anisotropic bcc crystals by 
Chou (80) from the Crussard mechanism is applied, which is 
expressed as 
d = Kgb2/9nYgp (6) 
O 
where is a composite elastic constant. For Nb, b = 2.86 A, 
11 2 
and Kg = 4.429x10 dyne/cm (81). The observed separation 
® 2 
of d~120 A then implies a value of Ygp = 10 ergs/cm . This 
value is of the same order of magnitude as that suggested 
(Ygp = 21 ergs/cm^) by Wasilewski (72), otherwise it is too 
small in comparison with values suggested by other authors 
(70-72). A recent paper by Welsch et (82) on Ta and Ta-N 
alloys showed that (a/2)<lll> dislocations have a width of 
O 
about 40 A. These authors did not discuss the possibility of 
a dissociation according to Crussard model. If Equation 6 is 
Q 
used to calculate Ygp from d = 40 A using other appropriate 
values for Ta: = 6.105x10^^ ergs/cm^ and b = 2,85 A (83), 
2 Ygp turns out to be 39 ergs/cm for Ta, which is also close 
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2 to Wasilewski's value of 41,4 ergs/cm • 
An important point should be mentioned here that in no 
case has the possibility of enhancing the dissociation of dis­
locations by interstitial impurities been observed in this 
study. With oxygen content changing from 9 to 199 wt ppm, 
the width of the separation in Nb remains about the same. 
Welsch et (82) detected a small decrease of the width of 
dislocation with increasing content of N from 5 to 15000 at. 
ppm in Ta, however. 
Seidman and Burke (84) have recently examined the dis­
location dissociation in Mo by FIM. Their results indicate 
o e 
that the separation of partials decrease from 60 A to 40 A 
as the resistivity ratio (R300*K/*4 2®K^ their Mo specimen 
was decreased from 2200 to 33. Although Welsch et al. (82) 
suspected that the FIM might give a separation two-three 
times greater than the value given by TEM, they agreed that 
an increase in the content of interstitial impurities would 
not increase the width of screw dislocations. In fact, 
according to the data shown in Fig. 8, the width of disloca­
tions should decrease as the total interstitial impurity 
contents are increased. 
The information thus far quoted seems to suggest that 
interstitial impurities in cluster form tend to hinder the 
separation of partial dislocations instead of enhancing the 
dislocation dissociation by forming the Suzuki atmosphere in 
•< 
< 
h-0: 
2 
IL. 
o 
< 
en 
g 
UJ 
in 
100 
80 
60 
40 
20 
I I 111 TTJ 1—I I I Hill 1 I I III III 1—Mill 
a T 
rnj- I I 111 III 
O To - N quenched 
A To - N aged 700 K 
• To - N annealed 2300 K 
e Mo FIM 
• Mo weak beam 
I I 11 mil I I III luL uiL I I 1111 III I I III III 
10' 10' 10^  
AT PPM 
10^ 10^ 
INTERSTITIAL 
10' 
Lti 
to 
Fig, 8, Results reported by Welsch e_t al_. (82) showing the effect of interstitial 
impurity content on the width of screw dislocations in Ta and Mo evalu­
ated by FIM and WBDF techniques 
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the faulted regions. 
Dislocation Interactions 
Interactions between two glissile dislocations 
An observation obtained from HT-1 is shown in Fig. 9. 
Six slip bands are seen along the [Oil] direction in the 
(Oil) planes produced by glissile dislocations with b = (a/2) 
[111]. While five (1 to 5) such dislocations appeared as 
single wavy lines, the sixth consists of two segments, Aa and 
Bb, in an intricate pattern. To elucidate the diffraction 
contrast in the encircled region, we first note that both 
segments are attached to another dislocation CD at a and b. 
Based on the information derived from Fig. 9 and the associ­
ated electron diffraction pattern (EDP, not shown), it is 
reasonable to assume the latter dislocation to be a glissile 
dislocation also, with b = (a/2)[ill] in the (110) plane. 
Since CD generated no slip traces, this dislocation must have 
been immobile, and could act as an obstacle to moving dislo­
cations. A plausible interpretation of the contrast in the 
encircled region is depicted in Fig. 10. Diagram 10(a) shows 
an (a/2)[ill] glissile dislocation CD in the (110) plane. 
Apparently, the former dislocation was moving at a relatively 
low speed; otherwise it would have cut through the immobile 
dislocation. On the other hand, from the entanglement seen 
in Fig. 9, A^B^ must have been attracted elastically to CD. 
An interaction is thus envisaged between A^B^ and CD around 
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Fig. 9. Dislocations appeared at the front of slip traces 
1-6 in Nb-HT-1 foil 
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[iTi] dio) 
(Oil) 
(b) (c) 
Fig. 10. Diagrams illustrating the interpretation of the 
dislocation morphology observed in the encircled 
region in Fig. 8. (a) Before and (b) after Reac­
tion 7; (c) further reaction expressed by 8 between 
Agai and Cd and the operation of bB2 as a Frank-
Read mechanism lead to the final distribution of 
dislocations 
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the contact point 0 as follows: 
f ( S i i )  '  a i o )  "  a i o )  '  
where the superscripts indicate the character of the disloca­
tions, being pure edge (e), pure screw (s) or mixed (m). Al­
though the product dislocation lies in a slip plane, its 
a[001] Burgers vector disqualified it as a glissile. Also, 
since Reaction 7 must proceed along the line of intersection 
between the reactant-dislocation planes, the product sessile 
dislocation a^b must originally lie in the [111] direction, 
as shown in Fig. 10(b). The interaction 7 would not only 
momentarily halt the motion of AgBg, but also split AgBg into 
two segments, Aga^ and bBg, connected by a sessile a^b. To 
reconcile between Fig. 10(b) and Fig. 9, we assume that at 
the time of interaction, Bgb has already passed the intersec­
tion line AgB' between (Oil) and (110), thus making it impos-
1 
sible for segment B2b to cross-slip. But this segment could 
act as either a Frank-Read source or a Frank-Read mechanism 
(85), depending on whether or not the segment is pinned on 
the foil surface at Bg. The shape of the image line bBBg in 
Fig. 9 suggests that bBg has acted as a Frank-Read mechanism, 
^Even if the position of B2b was at or behind the inter­
section line A3B' at the time of interaction, cross slip 
could not have occurred as did A2ai, The reason is simply 
geometric because if reaction 7 proceeds upward along ba for 
A2ai, the same reaction must proceed downward along bD for 
B2b, which is against the resolved shear stress, thus dis­
allowed. 
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whose operation enabled bB2 to swing around the pinning point 
b to Bb. In so doing, the slip trace was extended from to 
B and the dislocation segment reached a stable configuration, 
wherein zero net line tension is acting on the segment. 
The other segment A^a^, meanwhile, would first advance 
to the intersection position A^a^. At this position, it had 
the options to either act as a Frank-Read mechanism (or 
source) or cross slip. Apparently the latter option was 
exercised, which enabled A^a^ to switch the slip plane from 
(Oil) to (110) and the slip process to continue in a "restric­
ted" manner. By "restricted" is means that the cross slip is 
accompanied by an interaction between A^a^ and CD similar to 
reaction 7, except that the (a/2)[111] dislocation, too, lies 
in the (110) plane. Hence the correct expression is 
j[lïl](110) * 2[ï^^^(110) a[001](iio)' [8) 
Another feature of reaction 8 is the line direction of the 
product dislocation, which can be any within the (110) plane. 
In the present case, however, because CD is immobile, reac­
tion 8 simply converts CD into a sessile along the original 
line. In other words, after reaction 8, segment ab becomes 
a sessile with b = a[001], whereas the rest of CD is still a 
glissile with b = (a/2)[ill]. The occurrence of reaction 8 
is nontrivial because the separation between a and b exceeds 
O 
2000 A. Such a large separation rules out the possibility of 
a pole mechanism which may operate in other cases to effect 
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the split of AB into two segments. The plane difference 
between 8 and 7 qualifies ab to be a pure screw sessile, 
whereas a^b has a mixed character. 
The dislocation morphology seen in Fig. 9 is by no means 
accidental. Neither is it confined to one specimen, nor to 
one grade of Nb. To indicate the recurrence of such morphol­
ogy, another micrograph taken from HT-8 is shown in Fig. 4.. 
Attention is again directed to the encircled region. Using 
the same notation, it is seen that the latter micrograph also 
features a slip band marked 1, at the front of which exist 
two segments, Aa and bB, attached to another dislocation. 
Note the striking resemblance between the encircled regions 
in Figs. 9 and 11. Experimental difficulties with HT-8, how­
ever, prevented us from getting adequate data for a precise 
interpretation of Fig. 11. 
Interactions between dislocation loops and dislocations in a 
group 
Fig. 12 shows the diffraction contrast of a number of 
dislocations in HT-2, which has the lowest purity. The prom­
inent dislocations in this figure include (1) a group of dis­
locations whose images appear as faint, approximately parallel 
lines, (2) one large loop in the upper left corner, and (3) 
one smaller loop in the lower right corner. An interesting 
feature of this micrograph is the step-wise or zigzag appear­
ance of the two loops on one side and the "barely" broken 
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Fig, 11, A similar distribution of dislocations observed 
in Nb-HT-8. Note the striking resemblance in 
dislocation morphology between the encircled 
regions in Figs. 9 and 11 
40 
Fig. 12. Nb-HT-2 displayed a group of approximately parallel 
dislocations with bl and two loops with b2 amd bs 
under g^ = [Ï01] 
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appearance on the other side. At this point, it is important 
to prove that the discontinuities marked by arrows along one 
side of the loops are not caused by the well-known TEM phe­
nomenon that the contrast of a dislocation changes side with 
respect to the line position of the dislocation with or with­
out breakage when (g*b)s reverses its sign for n(=g*b) = 2 or 
1 where s is the deviation parameter. The proof was estab­
lished in a second micrograph taken from the same field of 
view under g = [Î2Ï] shown in Fig. 13, Because of a large 
tilting of the foil, the latter micrograph displays uniformly 
low contrast. Despite the poor quality, it serves to dis­
close relatively strong contrast at the discontinuities Cc 
and Ee in comparison with the connecting dislocations. Over­
exposures of Fig. 13 reveal similar, though weaker, contrast 
at other discontinuities marked by arrows. Also of importance 
is the fact that the contrast at Cc and Ee shows finite 
O 
lengths of "400 and ~150 A, respectively. These results thus 
rule out the possibility that the "barely" broken appearance 
on one side of the two loops is due to the TEM effect caused 
by a change in sign of the quantity (g*b)s. 
Fig. 12 clearly shows that the Group (1) dislocations 
have interacted with the two loops in different modes on oppo­
site sides, leading to the formation of steps on one side and 
"bare" discontinuities on the other. To attempt an interpre­
tation of this dislocation morphology, we quickly came to 
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Fig. 13. Strong contrast of finite lengths at Cc and Ee 
under g2 = [Ï2Ï] rules out the possibility that 
the discontinuities, Bb, Cc and Ee, are caused 
by the diffraction effect as a result of change 
in sign of the quantity (g'b]s. Magnification 
same as in Fig. 12. ~ 
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realize that even the simplest interaction, namely ki'''k2^k3* 
would necessitate four to seven Burgers vectors. The number 
of Burgers vectors that we must deal with readily reveals the 
impracticality of applying the b | \gx^2t.2 method for the deter­
mination of the b's as well as the impossibility of attaining 
complete information. Under these circumstances, we are 
forced to attempt an interpretation by deduction and elimina­
tion of less satisfactory alternatives. Despite the obvious 
difficulties, the interpretation offered below is consistent 
with the main TEM results shown in Figs. 12 and 13 and with 
the EDP data. 
The interpretation is based largely on the visibility or 
invisibility of various dislocations under two g vectors, 
[Ï01J and [Ï2Ï], together with their line direction summar­
ized in Table 4. The visibility of the Group (1) disloca­
tions under g^ = [Ï01] is assumed to be of the "near invisi­
bility" category (43) in the sense that g^^'b^ = 0, thus 
invisible for the screw components; but (l/8)(g2'b^ x v^) > 
0.08, thus visible for the edge components. The Burgers 
vectors of the three interacting dislocations are denoted b^, 
^2* &nd bg in the same sequence as previously cited. From 
our experience gained in the extensive study of dislocation 
dissociation, we assume that these dislocations are perfect 
glissiles in the {011}<lîl> slip systems. In applying the 
simple equation of interaction, use is made of the property. 
Table 4. Visibility and line directions of dislocations in Figs. 11 and 12 
The Burgers Vector 
-1 -2 -3  ^ -5  ^ -7 
Visibility under g2=[Ï01] —^ yes yes yes yes no no 
Visibility under g2=[Ï2Ï] weak weak weak weak weak yes yes 
Line direct on, V [111] loop loop [111] [111] ^ 
^Nearly invisible. See text for explanation. 
^Segments are too short for an accurate determination of their line 
directions. 
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 ^X Vjjj = + n for two segments of a loop on the opposite 
sides, where n is the unit vector in the direction normal to 
the plane of the loop (86). When the same line vector is 
used, this property is equivalent to representing the two 
segments by the same Burgers vector with opposite signs; 
that is, by + Consequently each loop generates two inter­
actions of the form b^ +_ ^2 Cor b^) ^ and ^  (or bg and 
by) on the two sides of the loop. 
The visibility conditions listed in Table 4 greatly 
limit the selection of the first three Burgers vectors. For 
instance, for the two loops to be visible under g^ = [Ï01], 
the g'b ^ 0 condition would confine bg and bg to +_ (a/2) 
[111] or + (a/2)[ill]. Also, for the line dislocations to be 
invisible under g^'b^ = 0, b^ must be either + (a/2)[111] or 
+ (a/2)[111]. Combining these possible b's yields four 
alternative sets of interactions, none of which offers a com­
pletely satisfactory interpretation. By comparison, however, 
the following set of interactions has the least inconsistency 
in explaining the observations. 
Large loop on its left-hand side; (g^+bg-»^) 
j[iii] ^011) [Hi] "*• (110) [loop] (îîo)[iii] ' 
Large loop on its right-hand side; [b^+(-b2)-»^] 
§[lil](oil)[lli] * (îîo)Iloop] *[liO], (9-1) 
46 
Smaller loop on its right-hand side: (b-|+b,->bc) 
f c S i i )  [ H i ]  *  1)[loop] 
(7-2) 
Smaller loop on its left-hand side: [b^+C-bg)»^^] 
%[lil](011)[lli] (101) [loop] a[liO]. (9-2) 
Note that the Burgers vectors of the product dislocations on 
the equivalent side of the two loops are identical. This 
coincidence reduces the total number of Burgers vectors in­
volved from seven to four. To substantiate these interac­
tions, Table 5 lists the calculated values of gj^*^ and 
(1/8) (g^'^x^). As shown by the check marks in parentheses, 
the calculated results agree with the observed visibilities 
or invisibility in Figs. 12 and 13 in all respects except the 
dot products of ^  and by with g^. These disagreements are 
considered relatively less serious because they are connected 
with the dislocations of extremely short lengths, from which 
the diffraction contrast is difficult to establish. 
By virtue of these four interactions, we are now in a 
position to describe what might have happened in Fig. 12. 
Fig. 14(a) shows that the large and smaller loops probably 
preexisted with smooth lines in the (110) and (101) planes, 
respectively. Then a group of nearly parallel glissile dis­
locations were activated to move on different (Oil) planes 
toward the loops. Each time a dislocation in the Group 
Table 5. Verification of Reactions (7-1), (7-2), (9-1) and (9-2) adopted to inter­
pret the dislocation morphology observed in Figs. 11 and 12. Check marks 
and crosses in parentheses indicate the agreement and disagreement, 
respectively, between the calculated values of gi'bm or (l/8)(gi'bmXVm) 
and the observed diffraction contrast _ _ _ 
Part A. Reactions (7-1) and ( 9 -1) of the Group (1) dislocations with the 
large loop 
 ^ b,^ =|[lil] b2-±ftill] b^ =a[001] =^a[liO] 
0 (/) ±1^ (/) 1 (/) -1 (X) 
-2 (/) ±1^ (/) -1 (/) -3 (/) 
[Oil] [110] 
0.125 (/) -0.125 (/) 
Criterion 
1 (/) 
inapplicable 
0.125 (/) +0.125 
For pure screw segments only. 
Table 5. (Continued) 
Part B. Reactions (7-2) and ( 9 -2) of the Group (1) dislocations with the 
smaller loop 
^ b2=|[lil] b3=±|[ill] bg=a[001] b^=a[liO] 
&2' 
-ffl 
5C£2-Vm5 
0 ( / )  
2  ( / )  
[Oil] 
0.125 (/) 
0.125 (/) 
±1^ (/) 
±1^ (/) 
1 ( / )  
1 (/)  
[Î10] 
0.125 (/) 
0.375 (/) 
-1 (X) 
-3 (/) 
Criterion 
inapplicable 
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[llU 
(101) 
(Oil)/ 
[111] 
( b )  
Fig. 14. A possible interpretation of the dislocation morph­
ology observed in Fig. 12. (a) A large loop with 
b2 and a smaller loop with b3 preexist in the (110) 
and (101) planes, respectively. An activated dis­
location with ^  is moving in the (Oil) plane 
toward the loops, (b) The interactions, 7 and 9, 
between the moving dislocation and the loops create 
a step with b^ (or bg) = a<001> and a discontinuity 
with b6 (or Fy) = a<110> on the opposite side of 
the loops 
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approached a loop, interactions 7 and 9 took place concur­
rently on opposite sides as shown in Fig. 14(b), A direct 
result of these interactions is the conversion of the seg­
ments Aa, Bb, Cc, and Dd from glissile to sessile with b = 
a<001> for ^  and bg and with b = a<lÎ0> for bg and by. Be­
cause the interactions must proceed along the intersection of 
the planes containing the reactant dislocations, the steps 
were created and verified in the directions specified in the 
expressions of 7-1 and 7-2, whereas the discontinuities 
should be created along [1Ï0] in 9-1 and along [111] in 9-2. 
The latter directions have not been verified because of the 
short lengths of the segments. 
Energy of interaction 
One argument against the possibility of the dislocation 
dissociation in bcc metals is the frequently observed cross-
slip. It is generally believed that this phenomenon signi­
fies that the metal has a very high Ygp. This is not neces­
sarily true for bcc metals as for fee metals, because of the 
involved cross-slip processes. 
There are two types of cross-slip (80): the so called 
"easy" and "difficult" cross-slip. The "easy" cross-slip re­
quires no extra energy since there is no change in disloca­
tion energy during the cross-slip process. The "difficult" 
cross-slip needs an activation energy to initiate the process. 
For example, to attain the constriction between partials 
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before cross-slip, activation energy is required. Generally, 
the activation energy for cross-slip comes from the thermal 
fluctuation and/or the increase in the resolved shear stress. 
In the case of Nb, all its a<100> and Ca/2)<111> disloca­
tions are stable as reported by Head (87). The observed dis­
location dissociation in the present study follows the 
Crussard model. The partials have Burgers vectors (a/3)<lll> 
and (a/6)<lll> which together give the same type of Burgers 
vector, (a/2)<lll>, for the perfect dislocation. Thus, it is 
possible for the dislocations to cross-slip without constric­
tion. According to this argument, the cross-slip for dis­
location in bcc metals should be more of the "easy" type 
rather than the "difficult" type, and consequently cross-slip 
should be easier at room temperature. Since cross-slip 
occurs readily when there is no energy change, a reduction in 
energy should cause cross-slip to occur even more readily. 
An example is shown in Fig. 6. The dislocation with b = 
(a/2)[111] on the (Oil) plane after interacting with an (a/2) 
[ill] dislocation on the (110) plane, has cross-slipped onto 
the (110) plane. 
Energy calculations have been carried out for interac­
tions 7 and 8. The total self-energy before the interaction 
is 2.05G, the total self-energy of the product dislocation 
is 1.18G according to interaction 7 and 0.936G according to 
interaction 8. Thus a more than 50% reduction in self-energy 
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is obtained following interaction 8. The strong attractive 
interaction between the two reactant dislocations of inter­
action 8 has helped the cross-slip process. 
The dislocation interactions observed in Fig. 12 are 
interpreted as in the 7-1 and-2, 9-1 and-2. This interpreta­
tion encounters a seemingly unsurmountable difficulty that 
9-1 and 9"2 reactions are energetically prohibited. This 
type of reaction and its energy problem were mentioned by 
Bollmann (88). Also, a similar interaction, whereby an 
a<110> sessile is produced by two (a/2)<lll> screw disloca­
tions in a repulsive cutting was cited by Ikeno and Furu-
bayashi (44). According to Equation 2, there is an increase 
of AE = 0.0343G per unit length for reaction 9. Two possible 
reasons may be cited for the onset of reaction 9 despite its 
energy unfavoredness. One possibility is the existence of 
stresses in the crystal to destroy the equilibrium condition. 
Hence reaction 9 occurred under nonequilibrium conditions. 
Another possibility is that the reaction was actually more 
complicated than those indicated in the sense that instead of 
a perfect a<110> sessile, the product dislocation is composed 
of two or more partial sessiles. For instance, reaction 9 
could be modified to the form, 
|[lil] + |[lii] |lliO] + §1110] (9-3) 
which is similar to reaction 12 in Hartley's analysis. Note 
that interaction 9-3 achieves a reduction in energy with 
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AE = -I.OIG per unit length when the surface energy associa­
ted with the stacking fault enclosed between the two partials 
is excluded. If the second possibility is responsible for 
the circumvention of the energy difficulty associated with 
reaction 9, the separation of the partials must have been 
O 
less than ~50 A. Otherwise, the partials and the enclosed 
stacking faults would have been detected, especially upon the 
application of the weak-beam technique. Whatever the exact 
reason for the occurrence of reaction 9 might be, it is 
important to note that the step segments (Aa, Dd, etc.) are 
much longer than the corresponding discontinuities (bB, cC, 
etc.) on the opposite side of the loops in Fig, 12. This is 
a manifestation that reaction 7 can proceed much more readily 
and extensively than reaction 9 because the former is ener­
getically favored under equilibrium conditions. 
Hartley's analysis should be commented that none of his 
12 possible interactions would allow the slip process to con­
tinue. All other interactions produce barriers or network, 
thereby stopping the motion of the active glissile disloca­
tions , except reaction 11 in his paper where the interaction 
leads to the initiation of fine twins. Hence, Hartley's 
analysis implies that all but one possible interaction 
between (a/2)<lll>{110} dislocations should denote the slip 
process. The present observations on Nb tend to militate 
against such an implication. First of all, an energetically 
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unfavored interaction has been shown to accommodate another 
interaction on the opposite side of the loop as observed in 
Fig. 11. Secondly, even though reaction 8 produces an a<001> 
{110} barrier, it actually promotes the cross slip of a glis-
sile dislocation as shown by the cross slip of segment A^b^ 
in (Oil) to Aa in (110) in Fig. 9. Without the cross slip, 
the segment would have to take an apparently more difficult 
course of movement in the primary slip plane. It is con­
cluded that interactions between (a/2)<lll>{110} dislocations 
may not necessarily hamper the slip process. Some inter­
actions such as 8 are beneficial to or even necessary for the 
continuation of the slip process in bcc metals. 
Irradiated and Irradiated-Annealed Niobium 
Damage structure at the as-irradiated Nb 
A typical bright-field electron micrograph of the as-
irradiated foils is shown in Fig. 15. The striking feature 
of this micrograph is the coexistence of two types of defect 
clusters: Small defect clusters (SDC) appear as black spots 
and large defect clusters (LDC) as dark patches. The SDC have 
o 
a maximum size of ~100 A and an average diameter (d) around 45 
® O _ 0 
A, whereas the LDC range from ~100 to ~600 A with d = 290 A, 
In addition, SCD differ from LDC in three other aspects. 
While the images of the SDC are more or less round, those of 
the LDC are irregular in shape, seldom circular, and change 
their projected shapes after a large tilting as observed in 
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Fig. 15. Two types of defect clusters appear in the irradi­
ated lattice of Nb. Large-size dark patches (LDC) 
represent complex interstitial conglomerates, 
whereas small-size black spots (SDC) represent 
vacancy aggregates. Denuded zones are formed along 
the grain boundary where interstitials are depleted, 
thus the absence of LDC 
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Fig. 16a-c. Also, the SDC are fairly uniformly distributed 
throughout the grains, whereas the LDC appear only in the 
O 
grain interior, leaving a denuded zone of about 1300 A width 
at the grain boundary. Finally, when viewed under dynamical 
conditions with nearly zero deviation parameter w C=sÇg, 
where Ç is the extinction distance for the g reflection), the g — 
black spots yielded black-white contrast, as can be seen in 
the lower left grain in Fig. 15. These black-white contrast 
images are expected for small dislocation loops lying close 
to a surface of the foil. Meanwhile, the LDC displayed ex­
tremely complex behavior in diffraction contrast under differ­
ent kinematical conditions. For instance, assuming that they 
are perfect loops lying on the {111} planes with b = (a/2) 
<111> as those commonly observed in bcc metals (54), no more 
than 50% of the LDC responded to the g«b = 0 criterion for 
invisibility. A good example is shown in Fig, 16 where three 
BF micrographs were taken under three different g = <liO> con­
ditions on a [111] projection. Out of more than 20 LDC, eight 
responded to the invisibility criterion and became invisible 
under one of the g conditions. The examination of the clus­
ters with the edge-on orientation under a variety of beam 
directions (<001>, <011>, <113> and <133>) confirmed that 
their habit planes are fairly close to {111}, Fig, 17 illus­
trates the variation of the image of LDC under four different 
beam conditions: a) Z = [001] and g = [110], The LDC are 
Fig, 16. BF micrographs with Z = [111], and (a) g = [101], (b) g = [1Î0], 
(c) £ =» [oil] . The LDC display complex diffraction contrast under 
different kinematical conditions. The LDC indicated by arrows 
respond to the g'b = 0 invisibility criterion. Actually no more 
than 50% of the LDC* respond to the criterion 
58b 
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(c) (d) 
Fig. 17. The diffraction contrast of LDC in the as-irradi­
ated condition under various beam directions, 
a) Z = [001] and g = [110]. Note that LDC are 
lying parallel to the two <110> directions and some 
LDC show fringe contrast, b) Z = [Oil] and g = 
[Oil], The edge-on LDC are lying along [21Ï] and 
[2Î1] , which are exactly 90® from [111] and [111]. 
The other LDC are lying along [Oil] on (111) and 
(ill) which are 45® from [Oil]. c) Z = [331] and 
g = [110]. The two planes which are almost edge-on 
correspond to (111) and (ill), d) Z = [113] and 
g = [Ï10]. LDC A and B are lying parallel to [Ï10] 
direction, but A is 29.5° and B is 80° away from 
[113] 
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seen to lie parallel to two <110> directions with some showing 
fringe contrast, b) Z = [Oil] and g = [Oil], The edge-on LDC 
point in the [21Ï] and [2Î1] directions, which imply the (ill) 
and (111) habit planes, respectively. The other LDC images 
appear in [Oil] on the (111) or (ill) plane which is 35.3® 
from (Oil), c) Z = [331] and g = [ilO]. The nearly "edge-on" 
images correspond to (lil) and (ill), d) Z = [113] and g = 
[Ï10]. Two LDC, A and B, are lying parallel to the [ilO] 
direction on different planes; A is on (iil) and B on (111). 
Their images deviate from the edge-on position by 10 and 61®, 
respectively. This explains why the image's widths are quite 
different. Figs. 15-17 provide ample evidence to indicate 
that LDC are not simple loops. Their character is more clear­
ly shown in Fig. 18. Under BF, WBDF and DF conditions, the 
diffraction contrast of LDC is resolved to display many sub-
clusters, which could produce either black or white contrast 
inside the confines of one LDC as seen in Fig. 18(b). Also 
observed in Fig. 19 is the dislocation channel where all the 
LDC and SDC have been removed during a fatigue test at room 
temperature. 
At this point, it is necessary to differentiate the LDC 
from rafts which have been observed in Mo (57,64,89). Rafts 
are defined as agglomerates of black spots and/or small loops 
lying on different layers of one particular {111} plane. They 
O O 
are about 60-100 A thick, 1000-2000 A in length and width. 
61a 
Fig. 18. The complex characters of the LDC are shown under 
different image formation processes: Z = [111], 
(a) BF, g = [110], (b) WBDF [220] 
61b 
Fig. 18. (Continued) (c) DF, g = [llO] 
Fig. 19. BF micrograph with Z = [111] and g = [lOi]. A 
dislocation channel was observed after the irra­
diated specimen had been fatigue-tested 
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All the structures within a given raft are expected to reveal 
the same contrast upon imaging the structure under various 
diffraction conditions. Although LDC also consist of many 
subclusters and are planar and parallel to the <111> planes, 
they are different from rafts in two ways. First, no more 
than 50% of the LDC can be represented by a single perfect 
Burgers vector such as b = (a/2)<lll>, a<110> and a<100> as 
observed in Fig, 16. Second, subclusters within a given LDC 
display different contrasts with different diffracting condi­
tions as shown in Fig. 18. Thus, LDC are not rafts. 
Three more conclusions on the behavior of LDC are worth 
noting: 
(1) Dislocation channeling occurred in the foils which were 
heavily decorated with LDC. This observation enables us to 
rule out the possibility that LDC are precipitates or they 
involve high concentrations of impurity atoms. In other 
words, LDC are intrinsic defect clusters. 
(2) The habit planes of the LDC were exactly or close to the 
{111} planes. Besides, the LDC yielded elongated diffraction 
contrast in one of the three <110> directions in the (110) 
projection. Hence, they are considered planar in the sense 
that their dimensions on the {111} planes are much larger than 
the thickness in the direction normal to the {111} planes. 
However, the thickness is by no means limited to a single 
interplanar spacing as the simple loops. 
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(3) The denuded zone of LDC observed along grain boundaries 
signifies the interstitial nature of the defect clusters. 
In addition to these characters in the as-irradiated 
state, the LDC tended to transform into simple loops upon 
annealing at intermediate temperatures. An examination of 
the transformed LDC at 480®C (see part 2, Table 7) indicated 
that practically all of the LDC in the irradiated foils were 
of the interstitial type. This revelation coupled with the 
distinct modes of distribution of LDC and SDC also enable us 
to identify SDC as of the vacancy type defect clusters. To 
justify such interpretations, we recall that vacancy loops 
are thought to be nucleated from collapsed collision cascades 
(54), Hence it is expected that vacancy clusters will be uni­
formly generated in the irradiated specimens, in agreement 
with the observed distribution mode of SDC, Although the nu-
cleation mode of interstitial clusters is not precisely known, 
doubtless the concentration of interstitials plays a dominant 
role in the nucleation of LDC, according to Eyre and Bullough 
(55). Since grain boundaries serve as preferential sinks for 
interstitials by virtue of the enclosed dislocations, the 
regions surrounding the grain boundaries would be depleted of 
interstitials, leading to the formation of the denuded zones 
observed in Fig, 15, 
The different distribution modes between the LDC and SDC 
require three quantities to describe the number density of 
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clusters; P, and P^ _ for the LDC and SDC in the grain 
L s ,ro 
interior respectively and P for the SDC in the denuded 
s, r 
zones. The experimental values for the as-irradiated foils 
are P, = 3.7xl0^^cm'^, P, ^  = IxlO^^cm'^ and P= ^ = 4.9x10^^ 
" s*rQ s ;r 
cm'^. Note the enormous difference between P_ _ and P_ 
s f Tq 5 » r 
although both quantities deal with defect clusters of the 
same nature. This difference reflects in part a much more 
effective recombination process taking place between vacan­
cies and interstitials in the grain interior where the influ­
ence of grain boundaries is absent. 
Damage structure after annealing 
Annealing of the irradiated Nb at temperature from 350®C 
up caused gradual systematic changes in the defect structure. 
The changes are best described in terms of the general appear­
ance, size distribution, number density and the ly/lj loop 
ratio. 
General appearance The only noticeable change pro­
duced by annealing at 350®C is the transformation of a small 
percentage (<35%) of LDC to simple loops. Four examples of 
the transformation are marked by arrows in Fig. 20. Other­
wise, the defect structure still displays two types of defect 
clusters with distinct distribution modes. In Fig. 20 the 
denuded zones again appeared next to the grain boundary on 
both sides. Annealing at 480®C caused more LDC to transform 
into simple loops. (See Fig. 21.) The majority of the LDC, 
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Fig. 20. Annealing at 350®C for one hour was mainly to con­
vert some LDC into simple loops. Four such loops 
are marked by arrows 
67a 
Fig. 21. Annealing at 480®C for one hour converted more LDC 
into simple loops. Numerous complex LDC still re­
mained in the lattice, however 
Fig. 22. After one hour annealing at 550®C, the defect struc­
ture contained virtually no LDC, only simple loops 
of vacancies and interstitials 
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however, still retain their complex appearance. The trans­
formation of LDC suddenly became very effective at 550®C, as 
evidenced by the virtual disappearance of complex LDC in Fig. 
22. Annealing at temperatures above 550®C brought about the 
following changes in the defect structure: 
(1) The average size of the defect clusters increased 
steadily from 700®C up (see Figs. 23-25). Annealing 
below 700®C, however, caused more complicated size 
changes, which will be described in size distribution. 
(2) The number density of defect clusters decreased 
progressively. 
(3) The cluster shape became more circular. And 
(4) Relatively long dislocation segments were intro­
duced. (See Figs. 24 and 25.) In this connection, it 
is worth noting that during the TEM examination of foils 
annealed at 800-1000®C, many of the dislocation segments 
were seen to move around, reflecting their glissile 
character with b = (a/2)<lll>. 
Size distribution The analysis on the size distribu­
tion can be made either by counting all clusters together dis­
regarding their nature or by separating vacancy clusters from 
interstitial ones. The results of the first approach are 
described here and those of the second approach in the Ay/Aj 
loop ratio section. The data for the overall size distribu­
tion are plotted in Fig. 26, where Figure (a) represents the 
irradiated foils and Figures (b) to (e) refer to foils 
annealed at five different temperatures. The plots in (a) 
O 
and (b) feature a sharp, intense peak at 45 and 86 A, respec-
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Annealing at 700®C mainly caused the shrinkage and 
eventual disappearance of the majority of inter­
stitial loops, Meanwhile, the growth of vacancy 
loops became prominent 
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% V »' 
Wmi 
. 24. The defect structure of the irradiated Nb after 
annealing at 800°C for one hour is composed of both 
types of loops and also dislocation segments intro­
duced as a result of vacancy-loop coalescence 
71 
Fig. 25. A drastic decrease is seen in the number density of 
loops in specimens annealed at 900®C for one hour. 
Although vacancy loops dominated the defect struc­
ture, many interstitial loops persistently remained 
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26, Histograms and best-fit curves showing the size 
distribution of defect clusters as a function of 
annealing temperature Ta. Note the change in 
the size-distribution spectrum from a two-peak 
pattern in (a) and (b) to a single-peak pattern 
for Ta>500®C in Cc) to (f) 
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O 
tively, and another smaller peak at 260 A, The emergence of 
two peaks is a manifestation of the coexistence of the SDC 
and LDC in the defect structure. As T exceeded 550®C, the 
transformation of the LDC became complete. Thus figures (c) 
and (e) exhibit only one peak which shifted in position first 
e o 
downward to 135 A at T^ = 550®C and to 122 A at 700®C, then 
upward at higher T^. See data in Table 6, Besides the posi­
tion shift, the peak is also considerably broadened for T^ > 
800®C. The same decrease-increase trend is detected for the 
average size (d) from the data listed in Table 6. 
Other data summarized in the table show significant 
changes in the maximum and minimum (d • ) sizes of 
clusters. For d^^^, the coexistence of the LDC and SDC in 
the irradiated foils requires two values to better express 
this quantity: 600 A for LDC and 100 A for SDC. As the LDC 
were gradually transformed into simple loops in the early 
stages of annealing, the two-value presentation of d^^^ be­
came impractical. Consequently only single values were 
obtained for the annealed foils. Based on the enormous dif­
ference between the d^^^ values for the LDC and SDC in the 
irradiated Nb, it is reasonable to assign the value (760 and 
840 A) of d^^^ at T^ = 350 and 480®C to the LDC. At T^ = 
O 
550®C, the value remained at 840 A, indicating that the 
growth of interstitial clusters has been halted. For T^ = 
700®C, there is a steady increase in d„_„, which is due lUaJC 
Table 6. Data on the overall number density Pt and size distribution of defect 
clusters in irradiated and irradiated-and-annealed niobium 
Foil 
condition P^, cm -3 
Cluster size, A 
Average Maximum 
W) (Vx> 
Minimum At the 
distribution 
peak 
Remarks 
Irridi- 13.7x10 
a ted 
Irr. S 
ann. at 
350®C 
480 
550 
700 
800 
15' 
7.3x10 
7.2x10 
7.7x10 
3.5x10 
1.2x10 
15 
15 
a 
a 
15 
15 
15 
LDC-290 
SDC-45 
214 
215 
180 
183 
265 
LDC-600 
SDC-100 
LDC-760 
LDC-840 
840 
1150 
1610 
~45 
87 
LDC-260 
SDC- 45 
LDC-260 
SDC- 86 
LDC-260 
SDC- 86 
135 
122 
190 
PL=3.7x10^^ cm'^ 
Pg,rQ=1.0xl0lG cm 
Ps,r=4.9xl0^^ cm ^ 
-3 
Coalescence 
of loops was 
prominent. 
Dislocation 
motion observed 
during TEM 
examination. 
ar These Pt values were obtained by counting the clusters in the grain interior 
Hence for the as-irradiated foils, Pt=PL+PS,ro' where Pi and Ps,ro the densi­
ties of the LDC and SCD in the grain interior. 
Table 6. (Continued) 
Foil 
condition cm -3 
Cluster size, A 
Average 
(d) 
Maximum Minimum 
("max) ("'mln) 
At the 
distribution 
peak 
Remarks 
900°C 
1000 
2.7x10 
7.2x10 
14 
13 
436 
504 
1800 
3500 
120 
226 
320 
400 
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largely to the growth of vacancy loops. In fact, no inter-
0 
stitial loops larger than 610 A in diameter have been detected 
in foils annealed above 700®C, at which loops larger than 
O 
1000 A were found to be exclusively of the vacancy type. 
The situation with is simpler because this quantity 
deals only with the vacancy clusters. The experimental deter­
mination of d„.„, however, is restricted to values greater nun' ' ® 
o 
than 45 A, which is the lower limit of the particle-size 
analyzer at the magnification of 100,000x. Hence reliable 
values could be obtained only for T^ > 700*C. The measured 
o o 
values of d . show steady increases from 45 A to 226 A as 
mm ' 
T„ was raised from 700® to 1000*C. 
a 
Number density The same two approaches can be used 
to analyze the effect of post-irradiation annealing on the 
number density of defect clusters. Again the overall analyses 
are described here and the separate analyzed in the next sec­
tion. Partly because of the transformation of the LDC during 
annealing and partly for the convenience of comparison, we 
adopted a single quantity, p^, to denote the total overall 
number density of clusters for the annealed foils and set 
= Pt + Pc ^ = 13.7xl0^^cm ^ for the irradiated Nb. Other 
t L a,ro 
experimental values of are included in Table 6. 
To make further use of the defect-cluster counting, we 
defined p^ = Spu, where i refers to the size range within 
which certain number of clusters is counted per cm^. By 
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knowing the value together with the Ay/JÎ-j loop ratio in 
the same range, the average size of loops could be fairly 
accurately determined according to the expression d = 
i^i^i^'^i» where d^ is the mid-size of the loops in the ith 
range. The results of the counting thus conducted are tabu­
lated in Part 1, Table 7. The values given in parentheses 
are the percentages of for a given T^. Note that 75% of 
* o 
the clusters are smaller than 160 A in the irradiated foils, 
whereas large percentages (21, 42, 38 and 52% for T^ = 480, 
550, 700 and 800®C, respectively) of clusters fall in the size 
O 
range 160 to 299 A in the annealed foils. At T^ = 900®C, the 
defect clusters are about equally distributed in all size 
0 
ranges greater than 160 A. These data will also be further 
used in the analyses described in the following section. 
The loop ratio and the size distribution and 
number density of vacancy and interstitial loops While the 
vacancy and interstitial clusters distinguish themselves by 
their sizes in Figs. 15-19, such a distinction no longer 
exists after the foils have been annealed for one hour at 
550®C and above. Therefore, to determine the JJy/Aj loop ratio 
in most of the annealed foils, TEM examinations must be con­
ducted on individual loops statistically. Moreover, to attain 
a reliable determination of the average size of the two types 
of loops at each T^, we need to evaluate the Ay/Aj ratio in 
different size ranges. The analyses were made in this manner 
Table 7. Detailed analyses on the Ay/Aj loop ratio and number densities of vacancy 
and interstitial loops in irradiated and irradiated-and-annealed niobium 
Part 1. The overall number density (10^^ cm of defect clusters 
Size >500 499-400 399-300 299-160 <160 Total 
(Pt) 
Irr. 2 .16(1.6%) 5 .36( 3.9%) 9.69( 7.1%) 17.07(12 .5%) 102. 72(75%) 137.00 
Irr. Q 
ann. at 
480 3 .45(4.8%) 6 .66(9.3 %) 9.82(13.7%) 15.30(21 .4%) 36. 28(51%) 71.51 
550 0 .53(0.7%) 1 .10(1.4%) 4.38(5.7%) 31.72(42%) 38. 74(51%) 76.47 
700 0 .28(0.8%) 0 .75(2.2%) 2.52(7.3%) 13.11(38 %) 18. 01(52%) 34.67 
800 0 .58(4.8%) 0 .73(6.1%) 2.22(18.4%) 6.29(52%) 2. 22(18.4%) 12.04 
900 0 .79(29.5%) 0 .57(21.3%) 0.68(25.4%) 0.63(23 .5%) 0. 01(0.4%) 2.68 
Part 2. The ratio of loops larger than 160A 
Foil con In size 
o 
) range A Normalized 
dition >500 499-400 399-300 299-160 Total total 
Irr. a a a a 
Irr. § 
ann. at 
480*C 0/3 0/5 0/9 3/6 3/23 1/7.7 
550 1/6 1/3 3/5 4/7 9/21 1/2.3 
700 3/0 8/5 19/9 25/16 55/30 1/0.55 
800 7/3 14/7 22/6 30/16 73/32 1/0.44 
900 8/1 9/4 24/11 23/9 64/25 1/0.39 
^Presumably all interstitial type. 
Table 7. (Continued) 
Part 3. Deduced number densities (10l4 cm" of interstitial loops >160A^ 
Size >500 499-400 399-300 299-160 Total 
O 
d, A 
Irr. 2.16 5.36 9.69 17.07 34.28 290 
Irr. § 
ann. at 
480*0 3.45 6.66 9.82 10.25 30.18 357 
550 0.45 0.83 2.74 20.19 24.21 240 
700 0 0.29 0.81 5.12 6.22 243 
800 0.17 0.24 0.48 2.19 3.08 287 
900 0.09 0.17 0.21 0.18 0.65 371 
Part 4. Deduced number f densities 
(10l4 cm" of vacancy loops >160A^ 
Size >500 499-400 399-300 299-160 Total 
0 
d, A 
Irr. 0 0 0 0 0 
Irr. § 
ann. at 
480*C 0 0 0 5.05 5.05 226 
550 0.08 0.27 1.64 11.53 13.52 232 
700 0.28 0.46 1.71 7.99 10.44 234 
800 0.41 0.49 1.74 4.10 6.74 299 
900 0.70 0.40 0.47 0.45 2.02 412 
^Values obtained by applying the appropriate loop ratio listed in Part 2 to 
the overall number densities given in Part 1. 
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and the results are summarized in Parts 2-4, Table 7. The 
following results are particularly important in exploring the 
annealing behavior of the defect clusters: 
(1) The normalized ratios of the total vacancy and intersti­
tial loops in the last column of Part 2 reveal the trend that, 
as the annealing temperature rises, the ratio is shifted more 
and more towards diminishing interstitials, 
C2) Despite this trend, many interstitial loops still per-
O 
sisted in all sizes above ^160 A in the annealed foils with 
T^ as high as 1000®C. Such persistence of interstitial loops 
is similar to that observed in neutron-irradiated Mo (57a-c), 
but in sharp contrast to the rapid disappearance of intersti­
tial loops at temperatures greater than 200*0 (0.427m) in 
neutron-irradiated Cu (90,91). 
(3) As might be expected, the interstitial and vacancy loops 
display quite different annealing behavior. For instance, 
O 
because the clusters in sizes greater than 160 A are intersti­
tial aggregated in the irradiated foils, their total number 
14 density j was initially at the maximum value of 34.3x10 
cm Annealing caused a steady decrease in p^ j to 30.2, 
24.2, 6.3, 3.1 and 0.65xl0^^cm"^ at T^ = 480, 550, 700, 800 
and 900®C, respectively. Meanwhile, since vacancy clusters 
O 
are predominantly smaller than 100 A in diameter in the as-
O 
irradiated foils, the initial value of p^ ^  for d>160 A is 
zero. Hence upon annealing, p first emerged with a finite 
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value, reached a maximum of 13,5xl0^^cm ^ at = 550®C before 
finally decreasing at higher Another difference between 
the annealing behavior of vacancy and interstitial clusters is 
that the average size d of the interstitial clusters changed 
rather unsystematically - the deduced value first increased, 
then decreased and again increased with increasing (see 
data in Part 3, Table 7), 
This unsystematic change is not difficult to explain, if 
we take a close look at the size distribution of the intersti­
tial loops in part of Table 7. As the specimen condition was 
changed from as-irradiated to annealed at 480®C, the large 
O 
(>300 A] and the smaller interstitial cluster densities were 
seen to undergo an increase and a decrease, respectively. At 
the same time, the observed value for the d^^^ changed from 
o o _ o o 
600 A to 840 A and d increased from 290 A to 357 A. These 
observations resulted from the transformation of multilayered 
LDC into simple loops. At 550®C, the growth of the intersti­
tial loops ceased because the transformation was completed, 
O 
Although the d^^^^ value remained at 840 A, there was a drastic 
O 
drop in population of large size (>300 A) loops and an in-
0 
crease in density of small sized (160-300 A) loops, thus caus­
ing the remarkable decrease in d at the 5S0®C anneal. In 
foils annealed above 700°C, the maximum loop size dropped to 
O 
less than 610 A and the total population of loops decreased. 
However, the density of the large loops decreased at a much 
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slower pace than the small loops. From Part 3 of Table 7, we 
note that as the annealing temperature was raised from 550®C 
O 
to 900°C, about 20% of the large loops (>500 A) survived, but 
O 
less than 1% of the small loops [160-300 A) remained. Thus, 
the change in size-density distribution is shown to be respon­
sible for the increase in d of the interstitial loop in foils 
annealed above 700®C. 
The population of the large vacancy loops, on the other 
hand, increased progressively with increasing T^, so did the 
d value of the vacancy loops. To some extent, this behavior 
of vacancy loops reflects that vacancies are the moving species 
of point defects during annealing at and above 550*0, thus giv­
ing rise to a steady growth of the surviving vacancy loops. 
Defect production 
Before attempting an explanation of the present results, 
it is necessary to determine whether our observations are con­
sistent with other studies of the neutron-produced defect 
structure in Nb. Four other studies, wherein Mb specimens of 
comparable impurities were irradiated under similar conditions, 
were selected and their results compared with those of the 
present study (Table 8). Our result on the {111} habit planes 
of the defect clusters is in agreement with Huber et al. (69). 
Also our experimental value of = 1.37xl0^^cm'^ falls in the 
middle of the range 1.4x10^^ to 9x10^^cm ^ covered by three 
earlier studies (63,65 and 66). Our measured values for 
Table 8. Comparison of TEM observations on the nature, geome­
try and number density of defect clusters in the 
irradiated Nb reported by the present and previous 
workers 
Investigators Irradiation Impurities, 
Fluence Ti/C Substi­
tutional 
Inter­
stitial 
Chang § Chen 
(present) 8x10^^ 80 1100 260 
Agarwal et al. 
(66, 1976) 
9x10^9 50 "340^ Og-ZSO 
02-480 
Loomis § Gerber 
(63, 1973) 
4.0x10^^ 
3.4x10^9 
50 -340^ 85 
202 
Ruber et al. 
(69, 1570T~ 
8xiqi7 77 ND^- ' . . ND^ 
Ohr et al. 
(65, 197ÏÏ) 
ZxlO^G 50 80 104 
The interstitial clusters were depleted in zones 
surrounding the grain boundary. 
^Not determined because of the small size. Possibly 
lying on {ill} with b = (a/2)<lll>. 
''Impurity contents estimated from vendor's catalog. 
^ND = not determined; NR = not reported. 
^Estimated from Fig. 5 of Reference 63. 
\ * 
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Defect clusters 
Nature Geometry Density, cm"3 d,i 
Interstitial^ 
Vacancy 
ND' 
Lying on {111}, 
complex b 
b 
ND' 
Pl=3.7x10 15 
Ps,r 
Ps,: 
=1.0x10^^ 
0 If. 
=4.9x10^° 
5.4x10 
9.0x10 
16 
16 rms 
290 
45 
60 
30 
ND' ND' 1.4x10 
6x10^^® 
15' 
Jl^/£j=l/1.86 
for 250 loops 
Lying on fill}, 
b//<100>, <100>, 
and <111> 
14 PY=7xl0 
Pj=1.3xl0 15 
Nr 
"predominantly" 
interstitial 
6.5x10^^ 8 2  
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separate number densities of interstitial and vacancy clusters, 
however, are more than ten times greater than those (3.7x10^^ 
vs 7x10^* for pg and (1.0-4.9)xl0^^ vs 1,3x10^^ for p^) given 
by Huber et al. (69). These differences are not entirely un­
expected because the fluence used in the latter work was two 
orders of magnitude lower than ours. All listed values for 
the number density of clusters in Table 8 are consistent with 
the conclusion (57a-c) that the production of defect clusters 
by neutrons and other energetic particles is highly sensitive 
to the fluence, irradiation temperature and specimen impuri­
ties. 
While the number density of defect clusters per se is of 
primary importance in the assessment of radiation damage, 
equally important is the number density of vacancies (ny) or 
interstitials (n^) enclosed in the clusters. By comparing ny 
or nj with the number density of displaced atoms n^ calculated 
from the fluence, the ratio ny(or nj)/n^ signifies the effi­
ciency of cluster production in the specimen under the speci­
fied conditions of irradiation. To calculate ny from the 
measured values of loop density, we define n^ = ZN-n-, where 
V  i l l  
is the number density of the vacancy loops in the ith range 
O 
(at 36 A interval) of loop size and n^ is the number of vacan­
cies enclosed in each loop. Three assumptions were made to 
calculate n^^: (1) the loops are round, (2) the thickness of 
the loops is given by t = |b |, which, is /3a/2 for b=Ca/2)<lll> 
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and (3) the volume occupied by each vacancy is approximately 
equal to the unrelaxed atomic volume, which is 0 = a^/2. Con­
sequently we have 
= nd? t/4a = td?|b| /2a ' ,  (10) 
for vacancy loops lying on the {111} planes with b=(a/2)<lll>, 
where d^ is the radius of the loop. Similar formulae were 
used for calculating the interstitials, n^, per cm^ enclosed 
in all interstitial loops except those designated as LDC, 
which are not simple loops. The maximum values thus calcu­
lated for ny and n^ from the data for the pertinent loop den-
18 3 
sities listed in Tables 6 and 7 are 8.4x10 vacancies per cm 
19 in the denuded zones of the as-irradiated foils and 5.4x10 
interstitials per cm in the foils annealed at 480°C. 
The number density of displaced atoms or Frenkel pairs is 
calculated from the modified Kinchin and Pease model (92) 
using the formula 
n^ = ((J)t«nQ«c7^)* (kE/2E^) (12) 
where (f)t = 8x10^^ n(E>0.i MeV)/cm^ is the irradiation fluence, 
22 3 
n^ = 5.6x10 atoms/cm is the number density of host atoms, 
- 24 2 
= 3x10 cm is the displacement cross section, k~0.8 is 
the displacement efficiency, = 78 eV (93) is the displace-
ment threshold energy and E the damage energy. For Nb, the 
mean energy of the primary recoils given for an average 
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neutron energy of 2 MeV by the standard formulae derived from 
the conservation laws of energy and momentum is 42 keV, which 
is much lower than the estimated ionization energy at 93 keV, 
Hence we may set E = 42 keV. The calculated value of n^ is 
? 1 ^ ? 
2.8x10 cm" , which is 333 and 52 times greater than the cal­
culated ny and n^ values, respectively. From these results, 
we conclude that only two percent or less of the point defects 
can survive after their generation to form defect clusters in 
Nb irradiated at 80®C. This conclusion is in agreement with 
previous reports (54,94), 
Defect clusters 
As far as we can determine, the production of intersti­
tial and vacancy clusters in two distinct size ranges by fast 
neutrons in Nb is firmly established for the first time in the 
present study. Even here, we detected some evidence in two 
early reports (63,66) that the same phenomenon had actually 
occurred, only to be overlooked. For example, the second and 
third micrographs in Fig. 1 of Reference (66) and several 
micrographs (Fig. 3c, e, f, h and i and Fig, 4b and c) in 
Reference (63) also show the coexistence of defect clusters 
in two separate size ranges. 
Perhaps the most serious discrepancy found in the compar­
ison is connected with the report by Ohr et (65), who 
described the nature of the neutron-induced defect clusters 
in Nb as "predominantly interstitial". Such predominance did 
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not occur in this study or in the one conducted by Huber et 
al. (69) nor is interstitial predominance consistent with the 
concept that vacancy clusters are nucleated from collapsed 
collision cascades. Although the collapse of collision cas­
cades may be prevented under certain conditions (e.g., the re­
entry of the interstitials on the periphery into the cascade 
interior can stabilize the cascade, thereby eliminating its 
collapse), it is doubtful that these conditions would prevail 
in the Nb specimens of Ohr et al. (65). The report by Ohr et 
al. differs from the present work in still another respect. 
They found the denuded zones only after the irradiated Nb had 
been annealed at 600*C for two hrs, as compared with our con­
sistent observations in the as-irradiated Nb. The reasons for 
the latter difference are also unknown. 
Formation of LDC As has been discussed in the fore­
going section, the interstitial nature of the LDC is the 
reasonable conclusion of the observed channeling effect, the 
denuded zone and the defect nature of the transformed LDC 
after the 480°C annealing. The same type of defect structure 
was reported by Loomis and Gerber (63) on Nb irradiated at 
50®C of doses 3x10^^ to 3.5x10^^ n/cm^. They overlooked the 
nature of the defects but they clearly showed the effect of 
the dose and the material purity on the damage structure. In 
samples which received the same dose, the higher the purity 
the more distinct was the separation of the LDC and the SDC. 
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The same tendency existed for samples of the same purity but 
with higher dose. 
Two nucleation mechanisms have been considered for the 
formation of LDC: 1) localized nucleation, 3) the agglomer­
ation of small loops present in the capture volume of an 
existing loop. Since the second mechanism has been consid­
ered as that for the formation of rafts [89), it will be 
examined first. 
Brimhall and Mastel [89) suggested that loops could move 
through the lattice by a combination of prismatic glide and 
self-climb to form the rafts. An idealized edge-on represen­
tation of the raft configuration is shown in Fig. 27. The 
interaction and the capture volume between two prismatic 
loops lying in parallel planes have been estimated (89) based 
on the calculation by Foreman and Eshelby (95). The inter­
action force has no singularity within the capture volume from 
the existing loop to the other loop except when the loops are 
concentric or touching. However, some questions remain: 
(1) If the small loops can glide and climb a few hundred 
angstroms because of the interaction force between the 
loops, it is difficult to see why the loops will arrange 
themselves into a higher energy situation shown in Fig. 
27, instead of coalescing. 
(2) If the loops involve other Burgers vectors such as those 
for partials or nonprismatic loops, the possibility of 
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I 1 
M I » <lll> 
Fig. 27, Idealized representation of an edge-on view of 
loops contained in a raft 
H 
( a )  (b) ( c )  (d) ( e )  
Fig. 28. Illustrates the possibility of nucleation faulted 
loops in the vicinity of an existing faulted loop, 
(a) The existing faulted loop, Cb)-[e) The pro­
gressive formation of other faulted loops, which 
together constitute an LDC 
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glide and self-climb becomes small. 
(3) The self-climb of loops despite their nature is assumed 
to occur by short circuit diffusion of atoms around the 
loop perimeter by a vacancy mechanism (96,57c). The pipe 
diffusion has an activation energy of 1/2 to 2/3 of that 
for self-vacancy diffusion. Therefore, interstitial and 
vacancy loops shall be able to self-climb similarly. If 
the vacancy loop could exist in a stable size range, such 
as the vacancy loops in the denuded zone, the interaction 
between vacancy loops should produce vacancy rafts, 
which have not been observed, 
(4) If every agglomerate of the defect clusters is composed 
by loops of the same perfect Burgers vector, the complex­
ities of image contrast should not exist. If the loops 
in the confines of a given agglomerate have different 
Burgers vectors, then the agglomerate may not be stable. 
An alternative mechanism for LDC formation involves 
localized nucleation of loops within the vicinity of an exist­
ing loop. For example, a twinning dislocation with b = (a/6) 
<111> in the bcc metals is stable if a multilayered fault 
exists. The stress field of such faulted loop could lead to 
the nucleation of other faulted loops in the vicinity. The 
new loops, after growing to a certain size, would in turn 
nucleate still more loops as shown in Fig, 28. 
The LDC thus formed would contain subclusters with the 
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same Burgers vector, and the subclusters would be arranged 
according to the nucleation sequence, LDC formed by this 
mechanism could easily explain the observations that the 
higher the purity and the dose, the more distinct will be the 
separation of the LDC and SDC. Hence, in specimens of the 
same purity level, an increase in dose will enhance the chance 
for an interstitial cluster to grow past the critical size and 
to form an LDC, The same explanation can be given to the 
specimen with lower impurity level of the same dose to have a 
distinct mode of LDC, Since this mechanism does not involve 
the prismatic glide and self-climb of small loops but depends 
on the interstitial diffusion, vacancy LDC are not expected. 
On the other hand, with the associated faults and the over­
lapping of the faults of the subclusters, the diffraction con­
trast of LDC is expected to be complex and will not correspond 
completely to the invisibility criterion. 
Comparing these two mechanisms, the author concludes the 
localized nucleation mechanism is more plausible than the 
glide and self-climb mechanism, which imply that the LDC are 
formed by localized nucleation. 
The stacking fault energy Ygp of Nb between the two par-
tials ((a/6)<lll> and (a/2)<lll>) has been estimated to be 10 
ergs/cm from the results shown in Fig, 3, Such a low value 
of Ygp tends to strengthen the proposed formation mechanism 
for LDC, because the existing partial loop can then grow to 
93 
the critical size without being transformed into perfect loops. 
It also promotes the nucleation of partial loops in the vicin­
ity of the existing loop. A detailed model of the proposed 
mechanism is not available at present, however. 
Formation of SPC As mentioned in the foregoing sec­
tion, SDC represent vacancy clusters and have a density of 
IxlO^^/cm^ inside the grain and 4.9xlQ^^/cm^ in the denuded 
zone. If we assume that an SDC is a perfect (a/2)<lll> edge 
loop, then, the total point defects contained in the SDC are 
18 3 
only 2.6x10 /cm , which is one order of magnitude lower than 
the self-interstitials contained in the LDC. Since grain 
boundaries and dislocation are preferential sinks for self-
inters titials, more vacancies should survive in the as-irradi­
ated specimens. TEM observations revealed the opposite. A 
reasonable explanation of this discrepancy is that the major­
ity of the surviving vacancies are not detected in the as-
irradiated Nb by TEM. This situation can be attributed to the 
nucleation and growth of the vacancy loops. The vacancy loops 
are thought to be nucleated from the collapse of the damage 
cascades. Theoretical calculations (97) indicate that nuclea­
tion by co-precipitation of vacancies are too sensitive to the 
presence of the self-interstitials. Therefore, homogeneous 
nucleation is not expected for vacancy clusters during irradi­
ation. Indeed, evidence has been reported that Nb specimens 
electron-bombarded at temperatures from 77®K to 573®K (98) 
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showed no vacancy loops - only interstitial loops. In the 
same study, Nb doped with 3000 wt ppm of interstitial impur­
ities and Nb alloyed with 0.15-4,96% Mo also showed no vacancy 
loop. This is an indication that heterogeneous nucleation of 
vacancy loops involving interstitial or substitutional impuri­
ties is doubtful. There is a general agreement (63,57a) that 
an increase in interstitial impurities would promote the nu­
cleation of self-interstitial clusters and that an increase in 
substitutional impurities in Mo tends to decrease the per­
centage of surviving vacancy loops during post-irradiation 
annealing. From all these observations, we can conclude that 
vacancy loops are nucleated from the collapse of the collision 
cascades. 
Since vacancies are probably immobile at the irradiation 
temperature (80 +_ 5®C) (99,34), we expect that the size of the 
V-loops is reduced during irradiation because of diffusion of 
self-interstitials. This is one reason that so many vacancies 
are stored in the irradiated Nb without being detected by TEM. 
Annealing mechanisms 
The growth or shrinkage of the dislocation loops during 
athermal anneal could be attributed to two major processes; 
A) Bulk diffusion: Since free self-interstitials start to 
migrate at 52®K in Nb with E^^^O.ll eV (100) most of the sur­
viving self-interstitials are expected to be contained in the 
interstitial clusters after irradiation. Besides, because of 
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the high formation energy (-6 eV) of the self-interstitials, 
their equilibrium concentration during athermal anneal will 
be negligible. For this reason, it is concluded that diffu­
sion controlled growth and shrinkage will only involve vacan­
cies, not self-interstitials. In this connection, it is 
important to realize that vacancies are capable of moving 
with reasonable jump frequency (Fy) in Nb at relatively low 
temperatures because the metal is in a state of nonequilibrium 
caused by irradiation. Should the metal exist in thermal 
equilibrium, the jump frequency would have had meaninglessly 
low values (2.7x10"* sec"^) at 350®C given by 
Fy = zv exp(-h®/kT), (13) 
In the calculation, we used Z for the coordination number, 
VIO^^ for the vibrational frequency and hy = h^-hy = 
(4.16^^^^-2.0^^^^) eV = 2.16 eV for the activation enthalpy 
for motion of vacancies. Therefore, we do not expect a 
strong influence of the vacancy diffusion at this temperature. 
As the annealing temperature raised to 480, 550 and 700®C, 
the jump frequencies are 0.3, 5 and 5.4 sec'^, respectively. 
The latter values are still quite small, nevertheless they 
are at least meaningful as far as vacancy migration being the 
annealing mechanism is concerned. 
When the annealing temperature exceeded 700®C, the den-
O 
sity of large vacancy loops (>500 A) increased while the 
O 
density of small loops (160-300 A) decreased. Also, the d • 
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value for vacancy loops increased from 45 A to 226 A as the 
annealing temperature rose from 700*C to 900*C. This is 
another indication that large loops grow at the expense of 
small loops. All these results disclose that vacancy diffu­
sion becomes prominent during annealing at temperatures above 
500*C. 
B) Shear, rotation, glide and self-climb: Since there is no 
interstitial diffusion after irradiation, the growth of the 
interstitial loops depends only on the transformation of 
loops. Thus the density of the large loops was increased, the 
small loop density and the total loop density were decreased 
and the number density of enclosed point defects remained 
constant during annealing below 480®C. Evidently, annealing 
in the low temperature range is dominated by the transforma­
tion of LDC. 
Previous discussion has indicated that the LDC contain 
subclusters lying on the {111} planes. Without knowing the 
exact geometry of the subclusters, the process leading to the 
transformation cannot be specified. It probably involves one 
or more of the following mechanisms. If we adopt the model 
proposed by Johnson (101) that an interstitial cluster starts 
with the formation of diinterstitials from single intersti-
tials in the <110> dumbbell configuration, the primitive form 
of the subclusters is a single platelet of interstitials 
lying on a {110} plane. Upon collapsing, the platelet becomes 
97 
a small loop with b = (a/2)<110> perpendicular to the loop 
plane. For a group of (a/2)<110> loops on different (110) 
planes to transform into a single loop lying on a {111} plane 
with an appropriate (a/2)<lll> Burgers vector, the following 
mechanisms are likely to be involved: 
(1) The partial loops with b = (a/2)<110> must be converted 
to perfect loops with b = (a/2)<lll> so as to attain 
energy stability by eliminating the enclosed stacking 
faults. To achieve this conversion. Eyre and Bullough 
(55) proposed the reaction: 
(a/2)[110] + (a/3f001] = (a/2)[111], (14) 
through a [00Î] shear on the (110) plane. Such a reac­
tion per se does not reduce the self-energies of the 
dislocations involved, but it is made energetically 
favorable because of the elimination of stacking fault 
energy. More recently, Jager and Wilkens (56) examined 
the alternative reaction, 
(a/2)[110] + (a/2)[001] - (a/2)[111], (15) 
and concluded that the choice between the two reactions 
depends on the crystallographic orientation of the speci­
men surface relative to the (110) loop plane. The 
chosen reaction will offer a lower total energy in the 
elastic interaction of the loop with the specimen sur­
face. They have also remarked that reaction 14 or 15 
would occur as soon as the loop has reached a critical 
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radius, which for tungsten is in the range 9<r^<20 A. 
(2) The next mechanism is for the (a/2)Illl] or (a/2) [111] 
loops to rotate from the (110) planes to the (111) or 
(111) planes, respectively. In so doing, the perfect 
loop becomes not just prismatic, but also pure edge. 
According to Eyre and Bullough (55) the driving force 
for the rotation results from the reduction in elastic 
energy when the loop character is altered from mixed 
to pure edge. 
(3) Finally, the prismatic loops can glide to other (111) or 
(111) planes. This mechanism operates under the driving 
force provided by the elastic interactions between 
neighboring loops. Through glide together with the 
supplementary mechanism of self-climb, the multilayered 
LDC can become a single-layered loop lying on a {111} 
plane with b = (a/2)<lll> normal to the loop plane. 
Eyre and Maher (57c) have analyzed the glide and self-
climb mechanism in details under the conditions of post-
irradiation annealing. 
Whether the transformation of the LDC in the irradiated 
Nb involves all three mechanisms or only the last one or two 
mechanisms is still an open question. It is quite possible 
that the majority of the subclusters have already acquired 
the (a/2)<lll> Burgers vectors by Mechanism 1 if their 
sizes had reached the critical radius defined by Jager and 
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Wilkens (56). Even the rotation in Mechanism 2 might have 
taken place in many subclusters during irradiation if the 
relative orientations of the loop planes to the specimen sur­
face would be favorable. Also important in this considera­
tion are the local conditions of stress and impurities sur­
rounding the subclusters. 
100 
SUMMARY 
New evidence has been presented for the dissociation of 
screw dislocation in Nb and for the stacking fault enclosed 
in the dissociated dislocation. The dissociation followed the 
Crussard model 
(a/2) Till] (a/3[Ill] + (a/6) [111] 
on the (211) plane. The stacking fault energy has been cal-
culated from the width of the dissociation to be 10 ergs/cm . 
Although this value is probably too low in comparison with 
various estimated values, nevertheless, there are reasons to 
believe that the observed dissociation of dislocations in­
volves little or no segregation of the interstitial impuri­
ties. 
Three interactions were observed between two glissile 
dislocations in the same, or different <lîl>{110} slip sys­
tems. All three interactions produce sessile dislocations 
with b = a<001> or a<011>. Despite the nonslip character of 
the product dislocation, one interaction, 8, actually pro­
moted cross slip, instead of halting the motion of the reac-
tant dislocation. Also, the occurrence of reaction 9 is some­
what a surprise because it alone would have resulted in an 
increase in energy unless the product dislocation dissociated 
into two (a/2)[110] partials. Otherwise, the joint occurrence 
of reactions 7 and 9 thus demonstrated the inadequacy of the 
energy requirement when two interactions take place concur­
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rently in nonequilibrium conditions under stress, 
19 2 
Neutron irradiation of Mb to the fluence of 8x10 n/cm 
(E>0,1 MeV) at 80®C has been shown to produce separate inter­
stitial and vacancy clusters. These two types of clusters 
differ vastly in size, shape and distribution mode, Small 
defect clusters are shown to be vacancy clusters which were 
nucleated from the collapsed collision cascades. Large de­
fect clusters, on the other hand, are interstitial in nature. 
A possible model of the nucleation of the interstitial clus­
ter is proposed. Annealing of the irradiated Nb at tempera­
ture between 350 and 1000®C features three main events. 
For moderate up to 500®C, annealing is mainly to transform 
multilayered interstitial clusters into single-layered loops. 
Between 500 and 700®C, the main event is the shrinkage and 
eventual disappearance of the majority (~80%) of the inter­
stitial loops. Although the growth of vacancy loops occurs 
at all T^, it becomes a main event only when exceeds 700®C. 
All resolvable loops appear on the {111} planes with b = (a/2) 
<111> normal to the loop planes, disregarding whether the 
loops are formed from vacancies or interstitials. Despite the 
second main event, many interstitial loops persist at as 
high as 1000®C. The first main event probably involves a max­
imum of three mechanisms - a <001> shear, a rotation from 
{110} to {111} and a combination of glide and self-climb. 
Meanwhile, the second and the third main events are readily 
ascribed to the migration of vacancies. 
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